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Normal morphogenesis depends on location-specific behaviours of cells. There are circumstances in the embryo where it would be
advantageous for cells to be flexible in establishing their fate, such as in the limb bud where some cells cross between Homeobox (Hox)
expression domains. It is not known how flexible cell fate determination is in the embryonic limb bud, nor is the sequence and timing of this
process clear. By transposing small groups of dye and genetically labelled limb bud cells in cultured mouse embryos, we show that mesenchymal
cells are capable of altering their expression of Hox genes to match that of their local environment in response to instructive mesenchymal cues.
Plasticity of Hox expression wanes during embryogenesis, and is lost earlier in the proximal limb bud than distally. These findings are consistent
with a model of progressive fate determination in a zone that encompasses the entirety of the limb bud mesenchyme, and suggest a mechanism for
the maintenance of sharp Hox boundaries despite cell transit across them.
© 2007 Elsevier Inc. All rights reserved.Keywords: Limb development; Proximal–distal axis; Cell fate determination; Cell fate plasticity; Cell transposition; Genetically labelled cells; Mouse embryo
culture; Homeobox genes; Meis1 gene; Outgrowth modelsIntroduction
The mechanisms by which positional information is acquired
and maintained by cells in order for them to be organised into
location-specific multicellular structures are incompletely
understood. Some of the recognised schemes by which
positional information is communicated in the embryo and
developing limb buds include the establishment of a morphogen
gradient (Harfe et al., 2004), diffusion of growth factors from
ectoderm to mesoderm (Verheyden et al., 2005) and co-linear
expression of homeobox genes (Kmita et al., 2002). It remains
unclear how and when proximal–distal positional information is
acquired and maintained by limb bud cells prior to the onset of
mesenchymal condensation. In particular, it is difficult to
reconcile the precise expression domains of Homeobox (Hox)
genes that pattern the embryonic limb (Nelson et al., 1996) with⁎ Corresponding author. Developmental and Stem Cell Biology, The Hospital
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fate maps, because some cells normally cross Hox boundaries
during embryogenesis (Vargesson et al., 1997).
There is evidence both for (Sato et al., 2007; Saunders, 1948;
Wolpert et al., 1979) and against (Dudley et al., 2002) a model
whereby distal cells are specified in a sequence which
foreshadows and parallels the progressive condensation of
mesenchyme from a proximal to a distal character. While
several molecular regulators of proximal–distal axial pattern
have been identified (Capellini et al., 2006; Kmita et al., 2005;
Mercader et al., 1999; Yashiro et al., 2004), the timing of fate
determination along this axis also remains unclear. Heterotopic
transposition of cells is a good means of assessing whether
those cells exhibit plasticity and can change their fate to match
that of their new environment, or whether they are determined,
and will retain their previous fate despite a new environment
(Trainor and Krumlauf, 2000). Previous limb bud grafting
methodologies were performed with varying aims and had
limitations for the study of fate determination because they
involved transpositions of large blocks of tissue (Amprino and
Camosso, 1959; Dudley et al., 2002; Echeverri and Tanaka,
2005; Hampe, 1959; Kieny, 1964; Maden and Goodwin, 1980;
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small groups of cells. Cellular plasticity, therefore, may have
been masked in those experiments. The mouse is a good model
for studying proximal–distal limb identity because much is
known about murine limb patterning and Hox regulation, and
because of the availability of genetic tools such as transgenic
and mutant lines.
Materials and methods
Embryos
Wild-type CD1 embryos were utilised unless otherwise noted in the text.
CD1 mice, ubiquitous GFP-expressing (B5-GFP) and ubiquitous LacZ-
expressing (Rosa-LacZ) transgenic lines were obtained from The Jackson
Laboratory, Bar Harbor, ME, USA. Mice carrying a LacZ allele knocked-in
to the Hoxd13 locus (Hoxd13-LacZ) were a kind gift from Dr. Marie
Kmita.
Limb bud grafts
Embryos were harvested and manipulated in DMEM with 10% fetal calf
serum. Fragments of limb bud mesenchyme were dissected from either a
proximal or a posteriorly biased distal (immediately deep to the apical
ectodermal ridge) location using hand-drawn glass needles under a dissecting
stereomicroscope. The number of cells in a fragment was estimated under high
contrast bright field. Small and large fragments were arbitrarily defined as
consisting of ∼15 cells and of ∼50 cells, respectively. The fragments of cells
were then labelled with DiI, and transplanted into recipient embryo left forelimb
buds (leaving the right as an internal control) using hand-drawn hollow glass
capillary tubes and a mouth pipette. The ectoderm overlying the graft site was
punctured once with minimal trauma using the sharp point of an obliquely cut
glass needle prior to transplantation of a clump of cells. Recipient embryos were
decapitated and eviscerated and transferred into glass bottles containing 2 ml per
embryo of DMEM with 50% rat serum (DR50 for stages E9.5 and E10.5) or
75% rat serum (DR75 for stages E11.5 and E12.5). Roller culture was performed
under continuous aeration with 40% oxygen, 5% carbon dioxide, 55% nitrogen
at 37 °C for 16–20 h (Tam, 1998).
Whole mount in situ hybridisation
Embryos were fixed overnight in 4% paraformaldehyde (PFA) then
dehydrated through a methanol series and stored at −20 °C in 100% methanol.
Embryos were rehydrated and rinsed in phosphate-buffered saline with 0.1%
Tween (PBT). They were bleached in 6% H2O2 for 30 min then digested with
proteinase K at concentrations of 5 μg/μl for E9.5 (5 min) and E10.5 (10 min)
and 10 μg/μl for E11.5 (10 min) and E12.5 (15 min). Digestion was arrested with
2 mg/ml glycine in PBT for 10 min. Two washes of PBT proceeded further
fixation in 0.2% gluteraldehyde and 4% PFA for 20 min. followed by two
additional washes with PBT. Embryos were treated with prehybridisation
solution (50% formamide, 5× SSC, 1% SDS and 250 μg/ml heparin) for 3 h at
70 °C. Hybridisation solution (3 ml prehybridisation solution+30 μl probe) was
then added for the respective probe and incubated overnight at 70 °C.
Hybridised embryos were washed at 70 °C for 2×30 min. with 2× SSC/0.2%
SDS then 2×30 min with 0.2× SSC/0.2% SDS. At room temperature, embryos
were rinsed 2× then washed 1×15 min with MABT. To prepare embryos for
treatment with antibody, they were washed for 1 h with 2% Roche Blocking
reagent (Roche) in MABT, 3 h in 2% RBR+20% lamb serum, then overnight at
4 °C with 2% RBR, 20% LS and 1/2000 anti-Digoxygenin-AP (Roche).
Embryos were rinsed 3× then washed 3×1 h with MABT. Following 2×10 min
washes with ddH2O, 0.1% Tween and 2 mM levamisole, embryos were
developed with BM-Purple AP Substrate (Roche) in the dark. Once sufficient
precipitation formed, embryos were rinsed in PBS then fixed in 4% PFA and
stored at 4 °C. Limb bud grafts were localised using the fluorescent DiI label
under a dissecting stereomicroscope and scored for expression of the marker
gene in a yes or no binary fashion.TUNEL staining
Following the manufacturer's protocol for TUNEL reagent (Promega),
sections were deparaffinised, hydrated, fixed then permeabilised with 20 μg/ml
proteinase K. After a second fixation, sections were equilibrated then incubated
in a humidified chamber at 37 °C with rTdT for 1 h protected from the light.
Nuclei were briefly stained with DAPI and slides were mounted using
Vectasheild (Vector Labs) then stored in the dark.
β-Galactosidase assay
Embryos were fixed in a buffered formaldehyde/gluteraldehyde fixative for
10 min. at 37 °C then washed 3× 15 min in 0.02% NP40 buffer at room
temperature. LacZ precipitation was developed in a 1 mg/ml X-gal staining
solution at 37 °C. All steps were performed in the dark and stained embryos
were stored in 4% PFA at 4 °C.
RNA extraction and real-time PCR
Grafts were harvested from B5-GFP (ubiquitous GFP expression) transgenic
donors and implanted into WT recipients. Following overnight culture, the
fluorescent grafts were readily identified under a fluorescent stereomicroscope
and excised using hand-drawn glass needles. Distal and proximal tissue samples
were separately dissected. Each of the tissue types from a given experiment were
pooled and stored in RNAlater (Ambion) at 4 °C. Total RNA was extracted
using the RNAqueous-Micro Kit (Ambion) following the manufacturer's
protocol. RNA was eluted in a 10-μl volume. The NanoDrop ND-1000
Spectrophotometer (NanoDrop Technologies) was used to quantify RNA.
200 ng was converted to cDNA according to the manufacturer's protocol for
Oligo(dT) primers of the Superscript II First Strand cDNA synthesis Kit
(Invitrogen). Quantitative PCRwas performed using the standard format with 50
cycles of amplification on a 7900HT Fast Real-Time PCR system (Applied
Biosystems). TaqMan Assay On-Demand systems (ABI) were used to amplify
the gene targets Hoxa13 (Mm00433967_m1), Meis1 (Mm00487664_m1) and
β2-Microglobulin (Mm00437762_m1), a housekeeping gene used to normalise
expression levels. All three pairs of primers were designed to cross exon/exon
boundaries to prevent genomic DNA amplification. To compare primer
efficiencies, serial dilutions of cDNA were subjected to amplification of the
gene of interest and the housekeeping gene. If these amplification rates were
similar, the experiment continued.
In order to estimate the proportion of contaminating host cells among
retrieved graft specimens, hemizygous Rosa-lacZ knock-in embryos were
utilised as recipients of WT grafts in a subset of experiments. During graft
retrieval, care was taken to ensure that there were virtually no visible cells
associated with the dissected graft tissue that did not fluoresce. Genomic DNA
was extracted from these excised tissues, and real-time PCR was performed.
The proportion of contaminating cells (that exclusively contain one LacZ
allele) compared to the total number of excised cells (all of which contain two
β-Actin alleles) was calculated using 1/(2[Ct LacZ−Ctβ-actin−1])×100%, where
Ct = threshold cycle.Results
To test the degree of autonomy or plasticity of limb bud
mesenchyme, we modified techniques for transposing small
groups of limb bud cells in cultured mouse embryos (Trainor
and Krumlauf, 2000). We isolated arbitrarily defined small
(∼15) or large (∼50) populations of limb bud mesenchymal
cells from donor embryos at embryonic days (E) 9.5, 10.5, 11.5
and 12.5. These grafts were taken from either a proximal or
distal (subapical, posteriorly biased) location (Fig. 1A). Grafts
were labelled with DiI and grafted homotopically or hetero-
topically into stage-matched embryos and later, into hetero-
chronic stage recipient embryos. Following overnight culture of
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cell fate by three methods: in situ hybridisation to distal
(Hoxa13 and Hoxd13 (Fromental-Ramain et al., 1996)) and
proximal (Meis1 (Mercader et al., 1999)) markers, reporter
staining in wild type host embryos grafted with cells from
Hoxd13-LacZ knock-in donor embryos, and by real-time
quantitative PCR analysis of marker gene expression from
proximal, distal and graft tissue microdissected following
culture.
Homotopic grafts show maintenance of Hox expression
In order to ensure that a lack of marker expression following
culture was not due to excessive cell death within the graft, limbbuds with distally to proximally transposed grafts were fixed
and sectioned for analysis by TdT-mediated dUTP nick end
labelling (TUNEL). Scant apoptosis was apparent in uncul-
tured, ungrafted limb buds (Figs. 1B, C). Apoptosis was present
to a greater extent throughout the limb bud following culture
(Figs. 1D, E). Although cell death was evident within the grafts,
it was not out of proportion to that in the remainder of the host
limb bud. We confirmed that the grafting procedure itself never
resulted in ectopic expression of markers as proximal to
proximal grafting never resulted in Hoxa13 or Hoxd13
expression in the graft (Figs. 1F, G; E10.5, n=7; E11.5,
n=19; E12.5, n=9). We then confirmed that a lack of distal
marker expression in proximally relocated grafts was not due to
imprecise harvest of the graft from the zone of distal marker
expression. Transposition of distally excised grafts from
Hoxd13-LacZ transgenic donor embryos to a homotopic distal
location in wild-type host embryos resulted in appropriate
expression of the reporter gene in all cases (Figs. 1H, I; E10.5,
n=8; E12.5, n=2).
Distal to proximal heterotopic grafts exhibit plasticity in the
early limb bud
In a series of heterotopic transpositions in which distal
mesenchymal cells were grafted into proximal limb bud
mesenchyme, we found that the ability of cells to autonomously
maintain their distal character was stage-dependent and
progressive. Groups of cells transposed at early limb bud stages
commonly failed to maintain expression of the distal markers
Hoxa13 (Cochran–Armitage Trend Test, p=0.026) and
Hoxd13 (p=0.047) by in situ hybridisation, as well as of the
Hoxd13-LacZ reporter gene (p=0.034), whereas grafts trans-
posed at later stages more readily maintained expression of
distal markers (Fig. 2). In order to confirm whether distal limb
bud cells can downregulate distal Hox expression when
transposed proximally, these experiments were repeated by
transposing large grafts (∼50 cells) from ubiquitous GFP
expressing transgenic embryos (B5-GFP) into wild type or
Rosa-LacZ transgenic recipient embryos. Following culture, theFig. 1. Transpositions and homotopic controls. (A) Scheme of homotopic and
heterotopic transpositions of groups of DiI-labelled clumps of cells from donor
embryos to host embryos. (B, C) TUNEL assay in uncultured, non-grafted E10.5
limb bud with approximate graft recipient zone highlighted. (D, E) Section
shows no evident elevation of TUNEL reaction (green) among grafted cells (red)
compared to limb bud mesenchyme (DAPI-stained blue nuclei) following
culture. As expected, the extent of apoptosis is greater in this cultured limb bud
compared to the uncultured limb bud in panels B, C. (F, G) Homotopic proximal
to proximal control transposition. Bright field (F) and corresponding merged
fluorescent light (G) views of limb bud following transposition, overnight
aerated roller culture and in situ hybridisation. The bright orange DiI signal
marks the location of the graft (arrowheads). The labelled stage refers to the
embryonic day on which grafting was performed, just prior to culture. The
absence of blue stain in the graft in panel F indicates that procedural injury does
not induce ectopic expression of Hoxa13. (H, I) β-Galactosidase-stained
embryo following homotopic distal to distal transposition of a graft from a
Hoxd13-lacZ transgenic donor embryo to within the expression domain
(shown separately in inset H′) of Hoxd13 in a WT host embryo demonstrates
maintenance of appropriate expression of the reporter gene.
Fig. 2. Stage-dependent plasticity in distal to proximal heterotopically transposed limb bud cells. Groups of mesenchymal cells were transposed from a distal,
posteriorly biased, subapical location (from within the expression domain of the distal markers Hoxa13 and Hoxd13) to a proximal location (well beyond the
expression domain of Hoxa13 andHoxd13). Following overnight aerated roller culture, embryos were assayed by in situ hybridisation to Hoxa13 (A–H) or to Hoxd13
(J–Q). (S–Z) Distal to proximal transpositions were also carried out using cells from Hoxd13-lacZ transgenic donor embryos into wild type (S–V; S′ represents
Hoxd13-lacZ expression domain) or into transgenic (W–Z) hosts, followed by β-galactosidase assay. Grafts at progressively later stages, i.e. E11.5 and E12.5, more
readily demonstrated maintenance of expression of the distal markers and of the reporter gene following culture. (Y and Z) Oblique views. (I, R, AA) Summary of
transpositions depicted as the percentage of grafts that maintained expression of the distal marker. Distal cell fate is progressively determined with embryonic age.
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3A) and dissected free of the surrounding proximal limb bud
mesenchyme (Figs. 3B, C), along with samples of distal and
adjacent proximal tissue. To more closely estimate the
proportion of contaminating cells derived from adjacent
proximal tissue in grafts that were excised, we used hemizygous
Rosa-LacZ knock-in recipient embryos in some cases. Quantitative
real-time PCR was performed on genomic DNA to compare the
proportion of LacZ to β-Actin in the retrieved grafts (Fig. 3D).
Adjusting for the number of alleles, 86.8±0.4% (standard
error – SE, Delta method) of excised cells were derived from the
original grafted population. Real-time quantitative PCR analy-
sis confirmed that the expression level of Hoxa13 was
diminished in the proximally grafted tissue relative to distal
tissue. The degree of Hoxa13 downregulation was greater when
the experiment was performed at E10.5 compared to E11.5 (Fig.
3E). Expression of Meis1 was acquired by cells grafted to a
proximal position, and was greater when experiments wereperformed at E10.5 compared to E11.5 (Fig. 3F). These findings
were corroborated by in situ hybridisation to Meis1 (Figs. 3G–
J). These findings show that distal limb bud cells exhibit
plasticity of Hox gene expression in a proximal environment,
and this plasticity is progressively lost as development
advances.
Proximal mesenchymal fate is fixed earlier than that of distal
mesenchyme
When proximal mesenchymal cells were isolated and
heterotopically grafted to host embryo limb buds in a distal
location, a similar stage-dependent loss of plasticity was
observed. Expression of the proximal marker Meis1 in
grafted cells was maintained more readily in E11.5 experi-
mental embryos compared to E10.5 embryos (Figs. 4A–E).
To assess the timing of fate determination in proximal versus
distal tissue, we compared the proportion of limbs at both
Fig. 3. Mesenchyme is instructive in assigning proximal–distal axial identity. (A) For confirmation of the above findings by an alternative method, distal to proximal
grafting was performed between B5-GFP transgenic donors and Rosa-lacZ transgenic hosts. Immediately following culture, the transposed cells were microdissected
out of the host limb bud. Adjacent proximal tissue and distal tip tissue were dissected as controls. (B, C) The number of contaminating host cells was visually ensured
to be virtually nil by comparing fluorescent, bright field and merged views of the dissected grafts. There is minimal difference in the number of cells visually apparent
in the bright field (B – illumination of both transposed graft+contaminating host cells) compared with the fluorescent light view (C – exclusive illumination of
transposed cells). (D) We also took advantage of the fact that a LacZ allele would be found exclusively in host contaminating cells and not the original grafted cells,
whereas all retrieved cells would contain two β-Actin alleles. Using genomic DNA, quantitative real-time PCR was performed to compare the proportion of LacZ to β-
Actin in the retrieved grafts; the amplification plot with triplicate repeats is shown in panel D. Adjusting for the number of alleles, 86.8±0.4% (SE, Delta method) of
excised cells were derived from the original grafted population. (E, F) Real-time PCR of tissues dissected immediately following culture to assess expression. Distal
cells transposed proximally at stage E10.5 more readily demonstrate a loss of distal identity (expression of Hoxa13) and a gain of proximal identity (expression of
Meis1) than stage E11.5 distal cells. Error bars indicate standard error (SE). Acquisition of Meis1 expression by distal cells shows that the transposed cells do not
merely lose distal identity passively, but also gain new identity that is consistent with the proximal environment to which they are transposed. (G–J) To complement the
PCR analysis,Meis1 expression was assayed by in situ hybridisation. Distally obtained, proximally relocated grafts can demonstrate expression ofMeis1 at E10.5 (3/
6; G, H), but not at E11.5 (0/4; I, J).
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ween the proximal to distal, and distal to proximal, trans-
position groups. Adjusting for stage, more proximally derived
grafts demonstrated autonomy than did distally derived grafts
(Cochran–Mantel–Haenszel test, odds ratio=29.5, 95%
confidence interval [CI]=3.08–282.39, p=0.0003). This
finding indicates that proximal fate is fixed earlier than
distal fate.Mesenchyme is instructive with regard to distal–proximal
positional fate
A loss ofHox expression in limb bud grafts after transposition
may be attributable to a passive loss of positional cues from the
original environment or to an instructive effect of the new
environment. To test whether removal of subapical mesenchy-
mal cells from their proximity to the apical ectodermal ridge
Fig. 4. Proximal fate is determined earlier than distal fate. (A–D) Proximal to distal heterotopic transposition followed by in situ hybridisation to Meis1. (E) At E10.5
and E11.5, a higher proportion of grafts originating from a proximal location are determined compared to those from a distal location (compare with Fig. 2 – statistical
analysis in text). (F–J) Transposition of proximal limb bud cells from aHoxd13-lacZ donor embryo to a posteriorly biased distal location within the expression domain
of Hoxd13 of wild-type host embryos. Ectopic activation of the reporter gene is frequently detected when the experiment is performed at E9.5, but not at E10.5.
Therefore, at E9.5, the new distal environment surrounding the graft is able to instruct positional identity.
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Hoxa13 or Hoxd13, mesenchymal grafts from a distal location
together with a segment of the overlying AER were transposed
proximally. These mesenchyme–AER composite grafts consis-
tently failed to maintain expression of Hoxa13 (E9.5, n=3;
E10.5, n=3) and of Hoxd13 (E9.5, n=3) when transposed
proximally (data not shown) in early stage embryos. Proximity
to a segment of the AER, therefore, is not sufficient for
maintaining autonomy of distal marker expression, and loss of
Hox expression in transposed cells may be attributable to the
new environment.
In order to further investigate the ability of mesenchyme to
influence cell fate, the effect of graft size on the persistence of
marker expression in the distal to proximal transpositions was
assessed. Large grafts (∼50 cells) were compared to small
grafts (∼15 cells) across all stages. In principle, most cells in the
small grafts should be within one cell diameter from the external
environment. Large grafts more readily demonstrated autonomy
of marker expression (29/59) than did small grafts (10/58;
proportion difference=32%, 95% CI=16–48%, χ2 test,
p=0.0003; data not shown). A possible explanation for this
observation is that cell community effects are in play.
Mesenchyme may be a source of instructional intercellular
cues that regulate positional fate in the limb bud.
To directly test this hypothesis, we tested the ability of
grafted cells to acquire expression of a gene specific to their new
environment by two methods. Firstly, real-time quantitativePCR analysis was performed, as described above. New
expression of Meis1 was acquired in proximally transposed
grafts at E10.5 (Figs. 3F–J). Secondly, proximal grafts from
Hoxd13-LacZ transgenic donor embryos were transposed to a
distal location in wild type recipient embryos. When this
experiment was performed at E9.5, ectopic activation of the
reporter gene was observed in 4/6 cases, but only in 1/20 cases
when performed at E10.5 (Figs. 4F–J; χ2 test, p=0.0008).
Taken together, these experiments show that mesenchyme is
instructive with regard to the positional fate of early limb bud
cells.
We investigated the relative importance of mesenchymal
instruction in assigning fate versus the character of the
original location of the graft by performing mixed-stage
grafting. Distally obtained clumps of cells from E9.5 donor
embryos were transposed to a proximal location in E12.5
recipient embryos, and vice versa. E9.5 grafts consistently
failed to express Hoxa13 in E12.5 embryos (0/22) (Fig. 5),
suggesting that the transposed cells were plastic enough to
respond to cues in the late stage mesenchyme. E12.5 grafts
consistently demonstrated autonomy of Hoxa13 expression
in E9.5 embryos (6/6) (Fig. 5), suggesting that the grafted
cells were beyond the stage at which they could conform to
their new environment. We conclude that instructional cues
persist in limb bud mesenchyme throughout the stages of
development that were studied, and that fate determination is
a consequence of the gradual loss of the permissive nature
Fig. 5. Plasticity is dependent on a combination of the original donor
mesenchymal character and signals emanating from the host mesenchyme.
(A–E) Heterochonic grafting experiments between E12.5 donors and E9.5 hosts
(A, B), and vice versa (C, D) reveal that graft behaviour is similar to that in
homochronic experiments. Expression of Hoxa13 is retained in E12.5 grafts
despite the early-stage environment of E9.5 mesenchyme, and expression is not
evident in E9.5 grafts despite the late-stage mesenchymal environment of E12.5.
These findings suggest that instructional cues persist in limb bud mesenchyme
throughout the late stages of embryogenesis, and that fate determination is a
consequence of the gradual loss of the permissive nature of mesenchymal cells
that is required to respond to those cues.
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cues.
Discussion
By using techniques for transplanting small groups of cells,
we were able to assess the timing and sequence of cell fate
determination along the proximodistal axis of the limb bud.
We showed that murine limb bud mesenchymal cells exhibit
plasticity with regard to positional identity. This plasticity is
dependent on the stage and site of harvest of the donor cells.
Previous fate mapping studies in the chick have been most
useful for tracing the positional allocation of cells over time
(Dudley et al., 2002; Sato et al., 2007; Saunders, 1948) not for
assessing fate determination. Previous limb bud grafting
methods were best suited to assessing whether there is
extensive or long-range regulation, as exists in urodeles
(Maden and Goodwin, 1980), at the interface of experimen-
tally opposed whole chick limb bud segments (Amprino and
Camosso, 1959; Dudley et al., 2002; Hampe, 1959; Kieny,
1964; Saunders, 1947; Summerbell and Lewis, 1975;Summerbell and Wolpert, 1973). These experiments were
not well suited to assessing the influence of limb bud
mesenchyme on cell fate at short-range. Cellular plasticity,
therefore, may have been masked in those experiments.
Recombinant chick limb bud experiments involved the
disaggregation of mesoderm cells followed by their reassem-
bly in an ectodermal hull. This methodology demonstrated the
developmental potential of a large population of mesodermal
cells in isolation from the normal limb environment (Elisa
Piedra et al., 2000). However, the influence of adjacent, intact
mesoderm cannot be assessed by this method. Therefore,
despite the rich history of manipulative limb embryology, the
transposition experiments presented here are novel and
provide new information.
Previous transposition experiments were performed in three
of the four clades of limbed tetrapods (Stopper and Wagner,
2005): urodeles (Maden and Goodwin, 1980), anurans (Maden,
1981) and reptiles/avia (usually represented by the chick)
(Amprino and Camosso, 1959; Dudley et al., 2002; Hampe,
1959; Kieny, 1964; Saunders, 1947; Summerbell and Lewis,
1975; Summerbell and Wolpert, 1973), but not in mammals
(usually represented by the mouse). Those findings may not be
entirely applicable to mammals, because although the chick
embryo is more similar to the mouse in its regulative ability
following injury (Chan et al., 1991) compared to urodeles and
anurans, there are differences in limb morphology and in
developmental mechanisms between the chick and the mouse.
These differences are likely attributable to adaptive evolution
and phenogenetic drift since the split between the mammalian
and reptilian lineages over 220 million years ago (Stopper and
Wagner, 2005). A current limitation of most manipulative
experiments in mouse embryos is that they cannot be cultured
long term to assess resultant morphology. Nonetheless, it is
important to revisit classical embryological methods in the
mouse to assess whether principles of development derived
from other organisms hold true in mammals and to take
advantage of modern genetic tools.
The instructive mesenchymal cues that influenced positional
cell identity of grafts in our experiments are likely to be, at least
in part, the same molecules that are known to impart proximal or
distal identity in the intact limb bud. Retinoic acid (RA) imparts
proximal identity in the limb bud by positively regulatingMeis1
and Meis2 expression whereas Fgf8 promotes distalisation by
inhibiting RA production and signalling (Mercader et al., 2000).
Hoxa13 is directly, but not exclusively, regulated by Fgf
(Hashimoto et al., 1999; Vargesson et al., 2001), and Hoxd13
expression is dependent on both Fgf and Sonic hedgehog
(Laufer et al., 1994). By transposing subapical tissue with and
without a segment of the AER, we were able to confirm that
proximity to a source of Fgf is not sufficient to maintain
Hoxa13 expression (Vargesson et al., 2001). In our experiments,
most of the late stage (E11.5, E12.5) grafts ended up further
from the ZPA than their original location, and we would expect
that Shh expression is downregulated by E12.5. Despite this,
distal Hox expression was most readily maintained in late stage
embryos. Therefore, the maintenance of distal Hox expression
likely does not depend on Shh. Furthermore, the fact that the
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(especially in early grafts where distal Hox expression was
lost regardless of the presence of a segment of AER) also
suggests that the AER–Shh interaction is not necessary for the
maintenance of distal Hox expression.
While there are known long-range signals such as RA and
Fgf that influence positional cell fate, it is conceivable that there
are as-yet unidentified short range intercellular cues as well.
Candidate molecules include homeodomain peptides them-
selves, since it has been shown that they can translocate across
cell membranes from the extracellular environment and enter
the nucleus (Prochiantz, 1999).
Outgrowth models
We found that proximal identity is fixed earlier than distal
identity, and that cellular plasticity wanes during embryogen-
esis. Therefore, the sequence of fate determination in the limb
bud foreshadows and parallels the subsequent proximal to distal
sequence of overt morphological differentiation of the limb
skeleton. This finding is consistent with evidence from others
that distal cells are less rigid in cell fate assignment (Sato et al.,
2007), and supports the principle of sequential proximal to
distal fate determination put forward in the progress zone model
(Summerbell et al., 1973) as well as in a more recent model in
which the subapical region previously known as the ‘progress
zone’ has been dubbed the ‘undifferentiated zone’ (Tabin and
Wolpert, 2007). In this latter model, cells in the subapical zone
are said to be dependent on extracellular induction of gene
expression rather than on an internal, autonomous clock that
progressively distalises their identity the longer they remain in
the progress zone. Our findings support the notion that
subapical cells do not utilise such an internal clock. It has
been previously suggested that demonstration of a change in
fate from distal to proximal would argue against the progress
zone model (Sun et al., 2002). Our finding that cells are capable
of this ‘reverse’ change in fate taken together with the
observation that some Hoxd13-expressing cells normally cross
into an adjacent proximal domain (Vargesson et al., 1997)
suggests that positional identity in the limb bud is not
determined to an irreversibly more distal identity. It is likely
that as long as cells remain plastic, they are capable of being
induced to any proximodistal fate by the appropriate extra-
cellular cues.
Our findings question a prediction of both the progress zone
model and the undifferentiated zone model. According to those
models, once cells leave the progress zone or undifferentiated
zone proximally, they become committed to their fate. In our
experiments, proximal cells at an early stage were not
determined, and could be respecified to express a distal marker.
It is, of course, conceivable that at E9.5 when the limb bud is
very small, there is no functional difference between the
subapical zone and the proximal zone. All cells at that stage may
be under the influence of the AER which is thought to be
important for maintaining an undetermined state (Tabin and
Wolpert, 2007). However, we found that some later stage grafts
originating well outside of the 300-μm-wide subapical zonetraditionally called the progress or undifferentiated zone (Tabin
and Wolpert, 2007) did not retain expression of Meis1 when
transposed distally. Therefore, though it may uniquely contain
undifferentiated cells, the subapical zone does not uniquely
harbour undetermined cells. Though fate determination is
temporally and spatially differentially regulated, it likely takes
place throughout the limb bud mesenchyme. This concept is
consistent with data from others that shows proliferating cells
are fairly uniformly distributed throughout the early limb bud
(Fernández-Terán et al., 2006), rather than subapically enriched
as would be expected for the progress zone (Summerbell and
Wolpert, 1973).
Hox boundaries
The embryo must reliably initiate and stably maintain
precise Hox boundaries despite dynamic changes in the
relative position of limb bud cells over time. Patterns of
relative cell position according to fate maps (Vargesson et al.,
1997) do not correlate neatly with Hox expression patterns
(Nelson et al., 1996) and cell transit across a Hox boundary
has been documented (Vargesson et al., 1997). While co-linear
transcription of the Hox code is a reliable mechanism of
initiation of appropriate gene expression (Kmita et al., 2002),
stable maintenance of expression patterns would be facilitated
by the action of instructive mesenchymal cues on plastic cells.
In this way, cells that move into some Hox expression domain
as a consequence of cell migration or of tissue remodelling
would be reprogrammed to express location-specific genes and
consequently become incorporated into multicellular structures
appropriate to the location in which they end up, as opposed to
ectopically forming structures more relevant to their site of
origin. Recombinant limb experiments made it is clear that
mesoderm cells must be capable of altering their identity
because normal Hoxa11 and Hoxa13 expression domains and
limb pattern can be reconstituted from a scrambled population
of cells (Elisa Piedra et al., 2000). We defined the influence of
intact mesoderm on the fate of small groups of cells, a situation
more closely analogous to physiologic cell migration in an
intact limb bud, and found that cells are most capable of
exhibiting plasticity at a period when this property would
likely be most valuable, namely during early limb embryogen-
esis when dramatic remodelling of the limb bud occurs.
Whether or not some form of a proximal–distal prepattern is
specified early in limb development, some fraction of
mesenchymal cells are likely routinely respecified during
normal morphogenesis.
Plasticity is a cellular property that is likely as crucial to
normal development as are appropriate gene expression, cell
movement, mitosis and apoptosis. The molecular mechanisms
that regulate plasticity remain unknown. It is conceivable that a
defect in the plasticity of embryonic cells could independently
alter morphology. There may exist mouse mutants in which
morphological anomalies are at least partially attributable to
previously overlooked cellular plasticity defects. The experi-
ments presented here provide a framework by which to test that
possibility.
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